Alumina-based ceramics, Al 2 O 3 , exhibit a combination of properties which favor its use as biomaterial, specifically as structural dental prosthesis. Its most important properties as biomaterial are its elevated hardness, chemical stability and biocompatibility. Usually, Al 2 O 3 is processed by solid-state sintering at a temperature of about 1600 o C, but it is very difficult to eliminate the porosity due to its diffusional characteristics. The objective of this work was the development and characterization of sintered Al 2 O 3 ceramics, densified with a transient liquid phase formed by a bioactive 3CaO. 
INTRODUCTION
The development of technologies to produce novel bioceramic materials has been motivated by the growing demand of dental ceramics with improved properties in substitution of metal-based materials. The use of advanced ceramics as biomaterials started in the 1970's. Since then, they have been continually improved, specifically aiming applications in dentistry as dental restoration parts. A usual technique for obtaining dental ceramics is the infiltration of a porous matrix with a glass. However, due to varying stages of sintering and the infiltration process, the final product has a high cost and also the possibility of having defects formed during processing which may reduce the reliability. In Table  I some of the mechanical properties of commercial ceramic dental materials are listed [1] .
Bioglass is a bioactive glass. Bioactivity is defined as the property to form tissue on the surface of biomaterial, establishing an interface able to supporting mechanical solicitations. Three classes of ceramic materials satisfy this criterion: the bioactive glasses and glass-ceramics, calcium-phosphate ceramics and its composites, and bio inert ceramics such as Al 2 O 3 and ZrO 2 -Y 2 O 3 . Glasses and sinter additions of Si 3 N 4 and ZrO 2 have been studied [2, 3] . Recently, two works have been published, investigating the liquid-phase sintering of ZrO 2 [4, 5] . Some of these bioactive glasses can be partially crystallized by heat treatment. Studies on the effect of partial crystallization of glassceramics intended to improve the mechanical properties, while maintaining the bioactivity have been carried out [6, 7] . Crystallization of the glass is extremely important for the improvement of the mechanical properties. It has been shown [8, 9] that bioglasses with high crystalline fractions exhibit a decrease in their biological performance, because the formation of the HCA (Hydroxy Carbonate Apatite) layer is related to the amount of existing residual glassy phase, since its formation depends on the dissolution of calcium and silicon ions in the glassy phase [10, 11] . On the other hand, the presence of crystalline phases, which exhibit a moderate/high dissolution rate, such as wollastonite (CaSiO 3 ) [12] , combeite (Na 2 Ca 2 Si 3 O 9 ) [13] and tricalcium phosphate (Ca 3 (PO 4 ) 2 ) [14] , may play a role similar to that of a glassy phase as source of calcium and silicon ions, thus maintaining the bioactivity of the material. As example of glass-ceramics that exhibit good fracture toughness and high bioactivity are the so-called glass-ceramic A-W Cerabone® [15] , and Bioverit [16] .
Glass-ceramics of the 3CaO.P 2 O 5 -SiO 2 -MgO system with different crystalline fractions have emerged as bone substitutes because of their interesting mechanical properties [17, 18] , similar to those of natural bone tissue. In a previous work [17] , it was shown that the phase transformations that occur in these materials during heat-treatment under different temperatures directly influence the microstructure and hence the mechanical properties. The effect of crystallization of bioglasses on the formation of HCA is still a controversial subject and for this glass system it has not been explored yet.
In this work, Al 2 O 3 -based ceramics containing a bioactive glass was densified at low temperature, and the properties are compared with monolithic-Al 2 O 3 sintered at 1600 o C. The effects of the glass partial crystallization on the ceramic properties are investigated.
EXPERIMENTAL PROCEDURE

Processing
High-purity α-Al 2 O 3 , (A-1000, Almatis-USA), and a bioactive glass based on system 3CaO.P 2 O 5 -SiO 2 -MgO [19, 20] have been used as starting powders. A glass composition of 52.75 wt.% Ca 3 (PO 4 ) 2 -30wt.% SiO 2 -17.25wt.% MgO was prepared from reagent-grade Ca(H 2 PO 4 ) 2 .H 2 O (Synth), CaCO 3 (Synth), SiO 2 (Fluka) and MgO (Synth). The bioactivity of this composition was studied in samples heattreated at 1100 o C [21] . The glass was prepared according to the conventional melting method in a platinum crucible at 1600 ºC/60 min. Batches of 100 g were obtained by mixing the raw materials in ethanol for 240 min, drying at 90 °C for 24 h and passing it through a sieve with openings of 32 µm for deagglomeration. Finally, the glass was cast into cylinders with 12 mm diameter in a stainless steel mould and annealed for 120 min at 700 ºC (30 ºC below the glass transition temperature, T g , of this glass) and slowly cooled down to room temperature at a rate of 3 ºC/min.
A powder mixture containing 90 wt.% Al 2 O 3 and 10 wt.% glass powder was prepared by planetary milling at 1000 rpm for 4 h, using ethanol as vehicle, subsequent drying at 100 ºC for 24 h and sieving. Cylindrical samples of 20 mm diameter were cold uniaxially pressed under 100 MPa. The samples were sintered in a MoSi 2 resistance furnace, at 1200 ºC, 1300 ºC and 1400 ºC for 60 min or at 1450 ºC for 120 min, at a heating and cooling rate of 10 ºC/min and 8 ºC/min, respectively. Similarly, samples of α- Table I -Hardness and fracture toughness of commercial ceramic dental materials [1] .
[Tabela I -Dureza e tenacidade à fratura de cerâmicas dentárias comerciais.]
pressed and sintered at 1600 o C/120 min with heating and cooling rate of 10 ºC/min and 8 ºC/min, respectively.
Characterization
Starting powders and sintered samples were characterized by X-ray diffractometry (XRD), Shimadzu XRD6000, using Cu-k α α radiation (λ=1.5418Å) in the 2θ range of 20 to 80°, with a step of 0.02° and 2 s of exposure time/degree. The crystalline phases were determined by comparison with the JCPDS files [19] .
The non-isothermal crystallization kinetics was studied using differential scanning calorimetry DSC Netzsch-404. Glass powder was carried out in a platinum crucible at 10 °C/min from room temperature up to 1200 °C.
In addition, the thermal expansion coefficients (TEC) of the alumina and glass (ceramic) samples were determined by dilatometry, using an alumina rod dilatometer (Bahr Thermoanalyse GmbH 2000 Dil801L-1600 ºC, Germany). Samples with 8-10 mm thickness and 3 mm × 3 mm crosssection were used for dilatometry measurements. The thermal expansion coefficient of the bulk glass and Al 2 O 3 was measured in air, using heating rate and cooling rate of 25 and 5 ºC/min, respectively.
The bulk density of the sintered samples was evaluated by the Archimedes method in distilled water. The relative density was calculated as the ratio between the apparent and respective theoretical density, calculated by the rule of mixture.
Starting glass powder and sintered samples were examined by scanning electron microscopy (SEM), in a Leo-1450VP microscope. The sintered samples were cut, their surfaces ground and polished with diamond paste, washed with acetone in an ultrasonic bath for 10 min, and dried at 100 ºC for 1 h. After this step, samples were thermally etched at 1200 ºC/15 min, with heating rate 30 ºC/min to reveal the grains microstructure.
Hardness and fracture toughness (K Ic ), were determined using a Vickers indentation method. In each sample, 10 indentations were performed and measured, under a load of 2000 gf for 30 s. The fracture toughness was calculated by measuring the relation between cracks length (c) and indentation length (a), using the relation valid for Palmqvist crack types, which present c/a relation < 3.5 [20] . Fig. 1 presents the X-ray diffraction patterns of the starting materials used in this work. The Al 2 O 3 powder consists of the highly crystalline α-Al 2 O 3 phase, while the glass exhibits a typical amorphous pattern, indicating no crystalline phase in this material. Due to the importance of the characteristics of the bioglass used as sintering aid, the bioglass has been studied in greater detail.
RESULTS AND DISCUSSION
Glass characterization
The crystallization of this glass at 1100 o C was investigated by High Resolution X-ray Diffractometry, HRXRD, using a Hubber diffractometer with multiple axes [22] . The amount of the crystalline phases (crystallized volume fraction) contained in the glass-ceramic samples was determined according to the procedure used by Krimm and Tobolsky [23] . The percent crystallinity (IC) was calculated by the ratio of the crystalline area (AC) and the total area (AT = amorphous + crystalline), using the Origin software (OriginLab Corp., Northampton, MA) and the following equation:
This work confirmed the presence of crystalline phases in the material, identified as whitlockite (PDF #87-1582), a tricalcium-phosphate with magnesium in solid solution, Ca 2,589 Mg 0,411 (PO 4 ) 2 , and is also known as the b-TCMP and diopside, CaMgSi 2 O 6 (PDF #71-1067) [19] .
The glass-ceramics studied in this work, independent on the temperature of the thermal treatment, showed whitlockite (PDF # 87-1582) as the major crystalline phase. In this phase Mg is partially substituted by Ca, forming a solid solution of [3(Ca,Mg)O.P 2 O 5 ] as will be seen below in the characterization of sintered samples. The results of the Differential Scanning Calorimetry (DSC) for a monolithic sample are presented in Fig. 3 . They indicate that the heat treated glass exhibits a first endothermic peak at 717 °C, which is attributed to the glass transition temperature, T g . Two exothermic peaks were also detected at T p1 = 834 o C and at T p2 near 980 o C. Another exothermic reaction at 1046 o C was observed in the bulk sample, but of small intensity, suggesting a phase transformation. This phase transformation could be confirmed later by the analysis of the crystalline phases. At last during cooling of the glass, an exothermic peak at T x ~ 1115 °C was observed. Previous studies suggest that the first peak corresponds to the formation of the tricalcium phosphate with partial substitution of Mg by Ca (whitlockite) of composition 3(Ca, Mg)O.P 2 O 5 and the second corresponds to the precipitation of enstatite with partial substitution of Ca by Mg, (Mg,Ca)O.SiO 2 [22] . Daguano et al. [21] using phase analysis by X-ray diffraction, were able to identify whitlockite and diopside as crystalline phases at 1100 °C, representing near to 70 vol.% of the samples, and the remaining 30 vol.% are in the glassy state. 
Characterization of the sintered samples
Temperature (ºC) Relative density (%)
The peaks of the α-Al 2 O 3 phase remain unaltered, independent on the sintering temperature, and show the same positions and relative intensities as the starting powder, see Fig. 2 Fig. 3 , which indicates the crystallization of these phases. The microstructures of the sintered samples are shown in Fig. 6 .
With increasing sintering temperature, the pore size decreases, especially when sintered at 1400 ºC or 1450 ºC. The pore sizes decrease from approximately 15 μm when sintered at 1200 ºC/60 min to less than 8 μm when sintered at 1450 ºC/120 min. These observations are consistent with the results of the final relative densities shown in Fig. 4 , indicating a significant increase at relative density in the samples when sintered at 1400 ºC or 1450 ºC. These results are attributed to a decrease of the viscosity of the reminiscent glassy phase at temperatures above 1400 ºC, enhancing the liquid phase sintering mechanism [24] .
Mechanical properties
The hardness and toughness of samples sintered at different temperatures are shown in Table II .
Both hardness and fracture toughness of the samples increase significantly when sintered at temperatures higher than 1400 ºC. This improvement is directly related to the . In applications of ceramic materials as structural components in prosthesis, lower hardness and high fracture toughness are important because they permit the preparation and restoration of parts with complex geometry, which must be machined to high quality finishing. Besides, high fracture toughness materials have also improved strength and reliability. A brief comparison with the materials properties presented in Table I permits to state that the Al 2 O 3 -bioglass material has good fracture toughness and similar hardness. Table III shows the coefficient of thermal expansion and Young modulus of the Al 2 O 3 and glass-ceramic composite phases. Previous studies [19, 23] found that these ceramics present, after heat treatment at 1100 °C, Young modulus 130 GPa with porosity 5% and 70% crystalline phase.
Theoretical residual stress
The calculation of the average thermal residual stress, generated during cooling of the sintered samples, is based on the homogeneous distribution of the second phase in the ceramic matrix, and it is directly related to the thermal expansion coefficient difference between Al 2 O 3 -matrix and the glassy (intergranular) phase [25] [26] [27] . This average thermal residual stress in both phases can also be calculated as a function of the volume fraction of sintering additive, following the approach using equation B and C [25] .
Here, s g and s m are residual stresses in the system (glass and substrate matrix, respectively). E m and E g indicate the Young modulus of the matrix and glass, respectively, and α m and α g indicate the average thermal expansion coefficient of the composite, matrix and glassy phase, respectively. The average thermal expansion coefficient for each composition can be calculated using equation D:
where C g and C m are, respectively, the fraction of glass and matrix. Based on the above calculation, one finds that, on average, when α m > α g and σ g < 0, the grain boundary will be in compression and the matrix will be in tension [25, 26] . Residual stress in multiphase composites develops due to the mismatch of the E-modulus and the thermal expansion coefficient in the constituent phases. Due to the lower TEC of the glass α b than that of the matrix α m , residual tensile stresses are developed in the Al 2 O 3 -glass ceramic matrix during cooling. The residual stress in the multiphase composites is developed because of the mismatch in the E-modulus and the thermal expansion coefficient among the constituent phases. Fig. 7 shows the theoretical residual stress of the composite and indicates a tensile stress in order of 500 MPa in the glass-ceramic phase, which promotes the crack deflection and the formation of grains bridging.
CONCLUSIONS
This work shows that it is possible to sinter alumina ceramics by liquid phase sintering, using bioglass as additive, at lower temperatures as compared with conventional solid-state sintered alumina. Adding 10 wt.% of bioglass as sintering aid to Al 2 O 3 , a relative final density of 95% could be achieved at temperatures as low as 1450 ºC, with a hardness of ~ 9G Pa and a fracture toughness of 6.5 MPa.m 1/2 . Furthermore, a partial crystallization of the intergranular glassy phase into 3(Ca,Mg)O.P 2 O 5 , whitlockite, and (Mg,Ca) O.SiO 2 , enstatite, has been observed and that inhibited the full densification of these ceramics. The comparison with monolithic α-Al 2 O 3 sintered at 1600 o C/120 min indicates an increasing of 2.6% in relative density and 54% in fracture toughness, while the hardness was reduced to ~ 48% relative to monolithic Al 2 O 3 .
